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An electrospray ionization (ESI) source was used to generate gas-phase molecular anions of
the amino acids leucine and isoleucine ((M–H)2; m/z 2130), which were separated by high-
field asymmetric waveform ion mobility spectrometry (FAIMS) and detected by quadrupole
mass spectrometry (MS). This combination of ESI-FAIMS-MS enabled selective determination
of either amino acid in mixtures that contained at least a 625-fold excess of the other.
Comparisons with conventional ESI-MS showed a 50-fold improvement in the signal to
background ratio for a 1 mM solution of leucine. (J Am Soc Mass Spectrom 1999, 10,
1279–1284) © 1999 American Society for Mass Spectrometry
During the last two decades, there have beenseveral attempts to distinguish the amino acidsleucine (Leu) and isoleucine (Ile) using sector
[1–5], ion trap [6], and quadrupole [7] mass spectrom-
etry. Because Leu and Ile are structural isomers (i.e.,
identical elemental composition and molecular weight),
their mass spectrometric differentiation has been lim-
ited to the interpretation of fragment ion mass spectra.
In 1982, Barber et al. [8] reported that pseudo-molecular
ions (MH1) of amino acids fragment to produce char-
acteristic immonium ions, R–CH¢NH2
1, via the loss of
CO2H2. Aubagnac et al. [9] later used the characteristic
immonium ions for Leu and Ile (C4H9–CH¢NH2
1, m/z
86) as precursor ions for high-energy collisionally acti-
vated dissociation (CAD) studies. CAD of the immo-
nium ions generated from Leu and Ile produced distinct
differences in the relative abundances of fragment ions
at m/z 44 and 69. The fragment at m/z 44 was formed by
the loss of propene via a McLafferty rearrangement,
whereas the m/z 69 fragment was produced by the loss
of ammonia. Although differences in relative abun-
dances of the two fragment ions can be used to unam-
biguously identify either of the two isomers in pure or
prefractionated samples, the method is incapable of
selective determination within a mixture. The identifi-
cation of the molecular ions of Leu and Ile [10, 11], or
those of their derivatives [12], has been demonstrated
only following their chromatographic separation prior
to mass spectrometric analysis. The separation of these
structural isomers has been achieved using ion ex-
change chromatography [13], high-performance liquid
chromatography (HPLC) [12, 14–16], gas chromatogra-
phy (GC) [10, 11], and micellar electrokinetic chroma-
tography [17]. In general, these chromatographic meth-
ods require 5–15 min for separation and produce a
5–30 s transient pulse of analyte.
A new continuous flow technique for the separation
of gas-phase ions at atmospheric pressure (760 torr) and
room temperature (298 K), referred to as high-field
asymmetric waveform ion mobility spectrometry
(FAIMS), has recently been described [18, 19]. This
technique takes advantage of the dependence of gas-
phase ion mobility K on applied electric field E. At low
electric fields, K is independent of field strength, while
at high fields (e.g., E . 104 V/cm) ion mobility is a
function of E and may be denoted as Kh. A hypothetical
plot of the dependence of ion mobility on E, plotted as
Kh/K, is shown in Figure 1 for three types of ions. In the
figure, the mobility of a type A ion increases with
increasing electric field, the mobility of a type C ion
decreases with electric field strength, and the mobility
of a type B ion increases initially before decreasing at
yet higher fields.
The principles of operation of a parallel plate geom-
etry of FAIMS have been described by Buryakov et al.
[20]. This FAIMS consists of two parallel plates, of
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which one is kept at ground potential while an asym-
metric waveform is applied to the other. The waveform
V(t) (a simplified version is shown in Figure 2) is
composed of a brief high-voltage component, and a
longer low-voltage component. The integrated voltage–
time product of one complete cycle of the waveform is
equal to zero. Consider an ion (e.g., type A, Figure 1)
that is transported by a gas stream between the two
parallel plates, as illustrated in Figure 2. If the high-field
portion of V(t) is sufficiently large, such that Kh . K,
the distance traveled by the type A ion during that time
is greater than the distance traveled during the low field
portion of V(t). The ion, therefore, experiences a net
displacement from its original position during each
cycle of V(t), and begins to move toward the lower
plate, as illustrated by the dashed line in Figure 2.
For an ion experiencing a net migration away from
the upper plate, a constant dc voltage may be applied to
this plate to reverse, or “compensate” for the drift such
that the ion does not travel toward either plate. This dc
voltage is referred to as the compensation voltage (CV).
If two types of ions respond differently to the applied
electric field (i.e., their ratios of Kh to K are not identi-
cal), the CV values necessary to prevent their drift
toward either plate will also differ, thereby allowing
selective transport of one ion over the other. To analyze
a mixture of ions, the CV may be scanned to transmit
each of the components in a mixture in turn, resulting in
a CV spectrum.
The FAIMS unit used in this study consists of con-
centric cylinders instead of flat plates, following the
design modification described by Carnahan and
Tarassov [21]. This modification in geometry resulted in
improved sensitivity because of an atmospheric pres-
sure ion focusing mechanism described by Guevremont
and Purves [19].
In this study, the ability of FAIMS to separate ions
generated from an electrospray source was used to
differentiate the structural isomers Leu and Ile.
Experimental
A three-dimensional view of the ESI-FAIMS-MS instru-
ment used in this study is shown in Figure 3a and has
been described in detail previously [22, 23]. For the
generation of negative ions, the electrospray needle was
held at approximately 21900 V, giving an electrospray
current of about 40 nA. The electrospray needle and
associated liquid delivery system were constructed by
threading a 50 cm piece of fused silica capillary (50 mm
i.d., 180 mm o.d.) through a 10-cm long stainless steel
capillary (200 mm i.d., 430 mm o.d.). The fused silica
protruded about 1 mm beyond the end of the stainless
steel. This stainless steel capillary, in turn, protruded
about 5 mm beyond the end of a larger stainless steel
Figure 1. Hypothetical dependence of ion mobility on electric
field strength for three different types of ions.
Figure 2. An illustration of ion motion between two flat plates
during application of an asymmetric waveform shown as V(t); the
ion is transported horizontally by a gas flow (distance not to
scale).
Figure 3. (a) Three-dimensional schematic of the ESI-FAIMS-MS
instrument [the FAIMS and mass spectrometer interface plate
(OR) were connected at a 45° angle] and (b) actual asymmetric
waveform used in FAIMS. The maximum value of the waveform
is called the dispersion voltage (DV).
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capillary (15 cm length, 500 mm i.d., 1.6 mm o.d.) that
was used for structural support and application of the
high voltage. Solutions were delivered to the electro-
spray needle tip by a Harvard Apparatus Model 22
syringe pump, at a flow rate of 1 mL/min.
The asymmetric waveform that was applied to the
long inner cylinder of FAIMS is shown in Figure 3b. The
maximum voltage of this waveform, referred to as the
dispersion voltage (DV) was varied between 0 and
23300 V. The frequency of the asymmetric waveform
was constant at 210 kHz. The CV, which was also
applied to the long inner cylinder of the FAIMS ana-
lyzer, was scanned over specified voltage ranges.
If the combination of DV and CV was appropriate,
ions were not lost to the cylinder walls during their
passage through the FAIMS analyzer and were trans-
ferred through a 260 mm orifice to the vacuum chamber
of a mass spectrometer (PE SCIEX API 300 triple
quadrupole). The mass spectrometer orifice was electri-
cally insulated from the FAIMS and a separate (OR)
voltage of 245 V was applied to it. An offset voltage of
245 V was also applied to the entire FAIMS unit
(VFAIMS) to enhance the sensitivity of the FAIMS-MS.
The skimmer cone was held at ground potential and the
small ring electrode normally located behind the orifice
of the API 300 was not incorporated into the present
interface, resulting in some loss of sensitivity for low
mass ions such as Leu and Ile. Compressed air was
introduced into the carrier gas inlet (Cin) at a flow rate
of 3 L/min. Gas exited through the carrier gas outlet
(Cout) at 2 L/min and through the sample gas out port
(Sout) at 1 L/min. The pressure inside the FAIMS
analyzer was kept at approximately 770 torr.
FAIMS can be operated in any one of four modes,
namely P1, P2, N1, or N2, where P and N describe ion
polarity (positive and negative), and “1” and “2” are
indicative of instrumental conditions [18]. In general,
low mass ions (m/z , 300) such as Leu and Ile are
transmitted in mode 1, while larger ions are transmitted
in mode 2. In this study, the ESI source was tuned to
generate negative ions and all CV and mass spectra
were collected using N1 mode. The asymmetric wave-
form used for N1 operation is shown in Figure 3b.
L-leucine and L-isoleucine were purchased from
Sigma-Aldrich (St. Louis, MO). All standard solutions
were prepared in 9:1 methanol/water (v/v) containing
0.2 mM ammonium hydroxide (Anachemia), which
served as the electrospray buffer. Glass-distilled HPLC
grade methanol (Anachemia) was used as received.
Results and Discussion
The capability of FAIMS to separate ions generated
from ESI of a mixture of Leu and Ile (5 mM each) is
shown in Figure 4. In each trace, the voltage of the
asymmetric waveform was set, and an ion-selected CV
spectrum (IS–CV) was collected by scanning the CV
while monitoring m/z 2130, the mass of the (M–H)2 ion
of both compounds. The dwell time and number of
scans were kept constant for each spectrum. The IS–CV
spectrum acquired with FAIMS disabled (i.e., DV 5 0
V) is shown in Figure 4a. Because the transmitted ions
were not subjected to an electric field within the FAIMS
analyzer, they have experienced no change in mobility
and appear in the spectrum near CV 5 0 V. An increase
to DV 5 21700 V, Figure 4b, results in the observation
of three distinct peaks located at CV values of 20.1, 0.7,
and 1.3 V. Increasing DV to 22300 V, Figure 4c, caused
most of the peaks in the IS–CV spectrum to shift to
higher CV values, indicating significant changes in their
high field mobility terms, Kh. The one exception is the
first peak in spectrum at CV 5 20.3 V. This peak was
identified as an amino acid dimer (M2–H)
2 and is an N2
type ion. As such it is transmitted through FAIMS in a
defocusing electric field when FAIMS is operated in N1
mode [19]. At DV 5 22700 V, Figure 4d, the single
peak seen in Figure 4c at CV 5 2.9 V has separated into
two partially resolved peaks at CV values of 4.7 and 5.0
V. The separation of these two peaks may be improved
by increasing DV to 23300 V (the limit of the power
supply), as shown in Figure 4e, giving CV values of 7.7
and 8.4 V. The position and separation of the group of
smaller peaks at CV values of 2.9, 3.9, and 4.3 V in
Figure 4e also increased. The unambiguous assignment
of any of these five peaks to Leu or Ile cannot be
determined from this experiment, however, the mass
spectrometer ensures that all of the peaks correspond to
ions with m/z 2130.
Collection of IS–CV spectra is analogous to using
mass spectrometry as a selective detector for a chro-
matographic method such as CE, LC, or GC. As with
chromatography, it is necessary to have a set of match-
ing standard solutions to identify the peaks in the CV
spectrum. Determination of the identities of the peaks
observed at CV values of 7.7 and 8.4 V in Figure 4e was
Figure 4. Effect of applied DV on the separation of Leu and Ile.
IS–CV spectra (m/z 2130, CV 5 22 to 10 V, 2.38 min duration) of
a 5 mM mixture of Leu and Ile in 0.2 mM NH4OH [9:1 methanol/
water (v/v)] at different DV values: (a) 0 V, (b) 21700 V, (c) 22300
V, (d) 22700 V, and (e) 23300 V.
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accomplished by collecting IS–CV spectra (m/z 2130,
DV 5 23300 V) for 5 mM solutions of either Leu or Ile.
The spectra are shown in Figure 5a, where the dashed
trace is the IS–CV spectrum of Leu and the solid trace is
that of Ile. Note, Figure 5b is the IS–CV spectrum of the
mixture, as shown previously in Figure 4e, plotted over
a narrower range of CV values. The peaks at CV values
of 7.7 and 8.4 V in the IS–CV spectrum shown in Figure
5a may therefore be attributed to Leu and Ile, respec-
tively.
The three small peaks seen in Figure 4e at CV values
of 2.9, 3.9, and 4.3 V were also present in the IS–CV
spectra for both standard solutions. Identification of
these peaks involved alternately tuning the FAIMS
analyzer to a fixed CV value to selectively transmit one
of the three ions, and collecting mass spectra using
varying FAIMS-MS sampling conditions. Gentle condi-
tions, attained by reducing the collisional voltage in the
MS interface, showed that these species correspond
to the following adduct ions: M[CH3O(CO2)]
2 at
CV 5 2.9 V; M(CH3COO)
2 at CV 5 3.9 V; and
M(NO3)
2 at CV 5 4.3 V. Under the more energetic
conditions used to acquire the IS–CV spectra, these
ion adducts were readily fragmented to yield the bare
molecular ions of Leu and Ile at m/z 2130.
FAIMS, which continuously transmits one type of
ion from a complex mixture, is a significant improve-
ment over conventional chromatographic methods, es-
pecially when interfaced to relatively slow scanning
mass spectrometers. Commonly used chromatographic
methods for Leu and Ile are time consuming (5–15 min
retention times) and result in narrow, finite impulses of
analyte (5–30 s). The transient nature of these separation
methods offers little flexibility in varying detection
parameters and generally limits the degree to which the
powerful capabilities of the mass spectrometer may be
exploited. With FAIMS, separation is also independent
of experimental parameters associated with classical
chromatography such as stationary phase composition.
Problems encountered with the compatibility of LC and
CE buffers (e.g., high salt content) and flow rates with
the electrospray process are also eliminated.
In addition to its impressive separation ability, the
FAIMS analyzer also functions to focus ions. A compar-
ison of the observed ion current in Figure 4a, e shows an
increase in signal of more than two orders of magnitude
when DV is increased from 0 to 23300 V. This increase
in ion current is attributed to two-dimensional atmo-
spheric pressure ion focusing, a phenomenon which has
been discussed in detail elsewhere [19].
To illustrate the improvement in the mass spectra
collected with FAIMS, spectra were acquired for the 5
mM Leu/Ile mixture and are shown in Figure 6. The
spectrum acquired with FAIMS disabled (DV 5 0 V
and CV 5 0 V) is shown in Figure 6a. With no applied
DV, there is no ion filtering effect, and hence no
discrimination of the ions passing through the FAIMS
analyzer. The mass spectrum is complex, a commonly
observed and often detrimental characteristic of electro-
Figure 5. FAIMS peak identification using single-component
standard solutions: (a) IS–CV spectra (m/z 2130, DV 5 23300 V)
of 5 mM Leu (dashed trace) and 5 mM Ile (solid trace). (b) IS–CV
spectrum (m/z 2130, DV 5 23300 V) of 5 mM mixture of Leu and
Ile.
Figure 6. Mass spectra of a 5 mM mixture of Leu and Ile in 0.2
mM NH4OH [9:1 methanol/water (v/v)] collected with FAIMS (a)
disabled (DV 5 0 V, CV 5 0 V); (b) enabled and tuned to transmit
Leu (DV 5 23300 V, CV 5 7.7 V); and (c) enabled and tuned to
transmit Ile (DV 5 23300 V, CV 5 8.4 V).
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spray mass spectra in the low-mass region. Peaks
attributable to CO2(CH3O)
2 (m/z 275), oxalate (m/z
289), Leu/Ile (m/z 2130), (M2–H)
2 (m/z 2261), and
Na(M–H)2
2 (m/z 2283), among others, are present. The
peak observed at m/z 2135 is due to an impurity in the
ammonium hydroxide buffer. In this spectrum, the
signal intensity for the dimer (M2–H)
2 is roughly twice
that of the molecular ions of Leu and Ile at a total
analyte concentration of 10 mM. At DV 5 23300 V, the
mass spectra collected for the same sample mixture at
CV values of 7.7 and 8.4 V (i.e., the CV values of
transmission of Leu and Ile, respectively) are simplified
and show one intense peak at m/z 2130 as shown in
Figure 6b, c. The FAIMS analyzer has effectively filtered
out almost all of the background ions. This filtering
action of the FAIMS analyzer was observed to improve
signal to background ratios (S/B) for these analytes
over spectra observed in conventional ESI-MS by at
least a factor of 50.
The difference in the CV values required for the
transmission of Leu and Ile is sufficient to permit
selective monitoring of one of the species without
interference from the other. This was illustrated by
establishing response curves for both analytes present
in a mixture. The response curve for Leu is shown in
Figure 7a. The total analyte concentration (i.e., [Leu] 1
[Ile]) in solution was kept constant at 2.500 mM, with the
individual concentrations of each analyte varying over
two orders of magnitude (i.e., from 0.004 to 2.496 mM).
The plot is linear (y 5 3.3[Leu] 2 0.01, R2 5 0.9998),
indicating that there is no overlap of the Leu signal
from Ile when it is monitored at CV 5 7.7 V, the value
corresponding to its peak maximum. If an overlap of
Leu and Ile was present at the CV values monitored, the
Leu signal at low concentration would have been most
notably affected, resulting in nonlinearity in the re-
sponse curve. An expanded view of an IS–CV plot
acquired for the solution containing 0.004 mM Leu and
2.496 mM Ile, Figure 7b, shows that the peaks are still
well resolved at these concentrations. Note that the total
concentration of 2.500 mM was sufficiently low that no
dimer ions were observed in the mass spectra. If the
concentration of dimer ions had been significant, a
negative deviation in the analytical curve at high ana-
lyte concentration would have resulted [23].
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